Microbial interactions with host cell signaling pathways are key determinants of the host cell response to infection. Many toxins secreted by bacterial type III secretion systems either stimulate or inhibit the host inflammatory response. We investigated the role of type III secreted toxins of the lung pathogen Pseudomonas aeruginosa in the inflammatory response of human respiratory epithelial cells to infection. Using bacteria with specific gene deletions, we found that interleukin-8 production by these cells was almost entirely dependent on bacterial type III secretion of exotoxin U (ExoU), a phospholipase, although other bacterial factors are involved. ExoU activated the c-Jun NH 2 -terminal kinase pathway, stimulating the phosphorylation and activation of mitogen-activated kinase kinase 4, c-Jun NH 2 -terminal kinase, and c-Jun. This in turn increased levels of transcriptionally competent activator protein-1. Although this pathway was dependent on the lipase activity of ExoU, it was independent of cell death. Activation of mitogen-activated kinase signaling by ExoU in this fashion is a novel mechanism by which a bacterial product can initiate a host inflammatory response, and it may result in increased epithelial permeability and bacterial spread.
The gram-negative human pathogen Pseudomonas aeruginosa is an important opportunist bacterium, infecting those with cystic fibrosis, ventilated patients on intensive care units, the immunosuppressed, and those with burns (1, 5, 39, 49, 53, 64) . Infection is common and is associated with a poor outcome (59) . The respiratory system is the main site of infection, from where the microbe can invade deeper tissue and become disseminated into the bloodstream, producing sepsis and septic shock (38) .
In common with a number of different gram-negative pathogens, P. aeruginosa uses a type III secretion system to introduce toxins into cells. These toxins differ between microbes and in P. aeruginosa are termed exotoxin S (ExoS), ExoT, ExoU, and ExoY (14, 17, 65) . Type III secreted toxins typically mimic a eukaryotic activity, subverting signaling within the infected cell and contributing importantly to virulence (6, 12, 26) . Infections with P. aeruginosa strains that are able to translocate one or more of these toxins are associated with poor outcome both in natural infection and in animal models (50, 54) . The molecular characteristics of these toxins have been determined by a number of groups. ExoS and ExoT are bifunctional, possessing both GTPase-activating protein activity and an ADP-ribosyl transferase domain (17) . ExoY is an adenylate cyclase (65) , and ExoU has recently been shown to be a lipase (53) . ExoU confers a potent cytotoxic phenotype that in vitro produces marked cell death and epithelial damage and in vivo is associated with invasive pneumonia and death (14, 57) . However, it is clear that well-differentiated pulmonary epithelial sheets are relatively resistant to the deleterious effects of these secreted toxins (8, 16, 29, 30) and that epithelial damage greatly enhances the ability of P. aeruginosa to infect and invade the respiratory epithelium (47) .
Infection of the lungs with P. aeruginosa initiates an intense inflammatory response in the host. Epithelial cells are important in this process, as they are the first cell to encounter inhaled microbes and are able to secrete a number of inflammatory cytokines, such as interleukin-8 (IL-8) (CXCL8) and IL-1 (9) . This is evidenced by increased levels of inflammatory cytokines in bronchoalveolar lavage fluid following infection, which are detected in both experimental animal models and patients (3, 10) . Associated with this is marked epithelial damage, leading to leakage of inflammatory cytokines into the general circulation and wide dissemination of bacteria, often resulting in severe sepsis and septic shock (35) .
Toxins produced by other bacteria with type III secretion systems often produce profound alterations in the intracellular signaling associated with inflammation. For example, following infection with Yersinia spp., the secreted Yersinia toxin YopJ produces a dramatic down-regulation of the inflammatory response (43) , due to its ubiquitin-like cysteine protease activity. This strategy allows the bacterium to limit the immune response to infection, increase cell death, and enhance bacterial virulence. In other circumstances, type III secreted toxins can be proinflammatory, such as the Salmonella SipB and Shigella flexneri IpaB toxins, which enhance intracellular IL-1 production by activating caspase-1 (21, 23) . Other proinflammatory type III secreted products include the Salmonella protein SipA (37) and the yersinial protein translocase YopB (62) . This inflammation is part of a protective immune response mounted by the host that recruits phagocytic cells to the site of infection. It may, however, result in enhanced dissemination of microbes such as Salmonella enterica serovar Typhimurium (41) or in increased epithelial damage such as seen with gastrointestinal infection with Shigella flexneri (45) .
The effects of the type III secreted toxins of P. aeruginosa on signaling pathways within mammalian cells are not known. Given the importance of the response of the respiratory epithelium to infection, we set out to examine the effects of these toxins on signaling following infection of respiratory epithelial cells with this bacterium. We hypothesized that the type III secreted toxins would influence intracellular signaling following infection. We chose to examine in particular the production of the chemokine IL-8 from respiratory epithelial cells following P. aeruginosa infection, since this is an important mediator of neutrophil influx and a robust proinflammatory response of these cells following infection (34, 46) . We found that type III secretion is required for effective production of IL-8 following infection of respiratory epithelial cells with P. aeruginosa. This effect was largely dependent on the secreted ExoU toxin, in a mechanism that did not produce cytotoxic effects. We demonstrate that ExoU produces activation of the c-Jun NH 2 -terminal kinase (JNK) mitogen-activated protein kinase (MAPK) pathway and that this is required for efficient IL-8 production following infection. This is a novel mechanism by which a bacterial product can initiate a host inflammatory response.
MATERIALS AND METHODS

Bacteria and construction of mutants. Strains of Pseudomonas aeruginosa
were obtained from clinical isolates at the Hammersmith Hospital, London, United Kingdom, as described previously (7) . PA103⌬U⌬T was a kind gift from Dara Frank, University of Wisconsin. The strains were grown on LB agar or broth with agitation at 37°C. Construction of nonpolar single gene disruptions in P. aeruginosa was performed using the pEX100T plasmid and sacB counterselection as described previously (56) . The pcrV gene was cloned from pseudomonal genomic DNA (PA3 strain) by PCR using the primers CGC AGG ACG CTG TCG TAT TTC and GGA ATC ACG ATG GAA GTC AGA AAC and cloned into the SmaI site of pEX100T. A blunt-ended DraI fragment from pUCP22 containing the Gm r gene was then cloned into the unique SfoI site within pcrV, disrupting the gene 65 bp downstream from the initiator methionine. Ampicillin (100 g · ml Ϫ1 )-and gentamicin (30 g · ml Ϫ1 )-resistant colonies containing this plasmid were isolated in TOP10 Escherichia coli (Invitrogen, United Kingdom). Plasmids from these colonies were then used to transform the SM10 mobilizer strain of E. coli. This was used to introduce the construct into pseudomonal strains by conjugation, using filter mating. After growth of transconjugates and SM10 donor strain on LB agar, transconjugant P. aeruginosa strains were selected on Vogel-Bonner medium with gentamicin (100 g · ml Ϫ1 ). Double crossovers were isolated by streaking single colonies on LB containing 30 g · ml Ϫ1 gentamicin and 5% sucrose to select against the vector sacB. Colonies were then propagated on LB agar with 100 g · ml Ϫ1 gentamicin. Correct replacement of the pcrV gene was confirmed by Southern blotting. Phenotypic confirmation of disruption was confirmed by using antisera raised against type III secretion products to demonstrate calcium-blind secretion of ExoU (Fig. 1D) .
Disruption of the exoU gene was performed in a similar fashion. exoU was cloned by PCR using the primers CACC ATG CAT ATC CAA TCG TTG GGG and TCA TGT GAA CTC CTT ATT CCG CCA. The product was cloned into the SmaI site of pEX100T and the Gm r gene from pUCP22 introduced into the unique SmaI site of exoU as described above. Conjugal transfer of this construct into pseudomonal strains and verification of disruption were exactly as described above, by both genetic and phenotypic analyses (Fig. 1) .
Epithelial cell culture and infection model. 16HBE14oϪ (18) , a simian virus 40-transformed human bronchial epithelial cell line (a kind gift from Diener Gruenert, University of Vermont), was grown in RPMI plus 10% fetal calf serum. For all infection experiments, cells were grown on Anapore membranes and cultured as described previously (7, 8) . For infection at a low multiplicity of infection (MOI) (1 bacterium per 5 ϫ 10 3 cells), experiments were carried out as described previously (7, 8) . Because some of the gene deletion strains carried gentamicin resistance as a selectable marker, we added colistin (10 g · ml Ϫ1 ) instead of gentamicin after washing loosely associated bacteria from the epithelial sheet at 6 h after infection. This concentration of colistin effectively killed all noninternalized bacteria from the epithelial cells (data not shown). Importantly, the antibiotic on its own did not induce IL-8 secretion and was added to control infections as well as to strains with specific gene deletions. For infection at a high MOI (1 bacterium per 1 cell), the infection was allowed to proceed in all cases for up to 7.5 h after infection with no added antibiotics.
Analysis of phosphorylated MAPK components. For experiments analyzing changes in the phosphorylation status of signaling molecules, cells were prepared exactly as described above but were infected at a higher multiplicity of infection with 1 CFU per cell. At various times after infection, epithelial monolayers were washed three times with ice-cold phosphate-buffered saline and then lysed directly into 400 l of sodium dodecyl sulfate sample buffer. Cell debris was scraped up, collected into a microcentrifuge tube, and frozen prior to analysis by Western blotting. The following antibodies were used to detect the various signaling intermediates studied: p38, phospho-p38 (Thr180/Tyr182), phosphoextracellular signal-regulated kinase (ERK) 1/2 (Thr202/Tyr204), phosphostress-activated protein kinase (SAPK)/JNK (Thr183/Tyr185), phospho-SAPK kinase 1/MAPK kinase 4 (SEK1/MKK4) (Ser257/Thr261), phospho-c-Jun (Ser63), c-Jun, and nonphosphorylated SEK1/MKK4 (all from Cell Signaling Technology, Hitchin, United Kingdom). Inhibitor of NF-B␣ (IB␣) was from Santa Cruz Biotechnology, Calne, United Kingdom. Blots were developed using the Amersham ECL kit according to the manufacturer's instructions (Amersham Biosciences, Amersham, United Kingdom).
Assay of AP-1. Activator protein-1 (AP-1) binding to its DNA recognition sequence was determined using a TransAM enzyme-linked immunosorbent assay-based kit from Active Motif, Rixensart, Belgium. This kit provides the specific AP-1 binding site immobilized in plastic 96-well plates, to which AP-1 proteins bind. We detected bound AP-1 using antibodies to phospho-c-Jun within the kit. Competition with specific oligonucleotides reduced binding to background levels, which were subtracted from the levels seen with no added competitor oligonucleotide. No significant effect was observed using irrelevant competing oligonucleotides.
IL-8 assay. IL-8 was assayed using a DuoSet immunoassay kit for human IL-8 according to the manufacturer's instructions (R&D Systems Europe Ltd., Abingdon, United Kingdom). Where indicated, apical and basal measurements were performed using tissue culture medium retrieved from the indicated compartment of the Anapore membrane culture system. For some graphs, total IL-8 was calculated as the weighted mean of the concentrations of IL-8 in the basal and apical compartments. The assay uses specific antibodies to capture and detect IL-8; absolute values are obtained by comparison against standard concentrations of human IL-8.
Recombinant ExoU. Recombinant ExoU was prepared from E. coli expressing His-tagged ExoU exactly as described previously (58) .
Statistics. Differences between groups were analyzed by either the t test or analysis of variance (ANOVA), as indicated. P values of Ͻ0.05 were considered significant.
Cytotoxicity. Cell cytotoxicity was measured by lactate dehydrogenase (LDH) release, using a kit from Promega (Southampton, United Kingdom) according to the manufacturer's instructions. Percent cytotoxicity was calculated relative to the total LDH released from cells lysed with Triton X-100. In some experiments, cytotoxicity was calculated by the percentage of cells showing trypan blue staining.
Plasmids and constructs. Complementation of mutant strains of P. aeruginosa was performed with the exoU and spcU genes cloned into the pUCP19 vector, kindly supplied by Dara Frank, University of Wisconsin. Site-directed mutagenesis of the exoU gene was performed with the QuickChange II mutagenesis kit (Stratagene, Amsterdam, The Netherlands) according to the manufacturer's instructions. The S142A mutation was constructed using the oligonucleotides GTCCGGTTCGGCCGCTGGCGGCA and TGCCGCCAGCGGCCGAACCG GAC. Mutations were verified by DNA sequencing of the whole construct. Because the PA3 strain is intrinsically resistant to ampicillin/carbenicillin, we cloned the Tet r gene from pALTER into pUCP19 containing exoU to convert it to the pUCP27 vector as described previously (63) . This was selected using tetracycline at 10 g · ml Ϫ1 for E. coli and 100 g · ml Ϫ1 for P. aeruginosa. ExoU secretion. Bacteria were grown in Trypticase soy broth supplemented with 1% glycerol, 100 mM monosodium glutamate, and antibiotics at the concentrations indicated above. For induction of type III secreted proteins, the medium was supplemented with 2 mM EGTA. Bacteria were grown for Ͼ16 h to an optical density at 600 nm of Ͼ4.0 with vigorous aeration. Cells were pelleted by centrifugation at 16,000 ϫ g for 2.5 min, and proteins within supernatants were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, with loading adjusted to bacterial density. Gels were electroblotted and the amount of ExoU assayed by the binding of a polyclonal rabbit antiserum to ExoU prepared as described previously (58) .
RESULTS
Model of respiratory epithelium infection with
Pseudomonas aeruginosa: infection of differentiated epithelial cells does not result in acute cytotoxicity. In order to study the signaling pathways induced following P. aeruginosa infection of respiratory epithelial cells, we developed a tissue culture model of infection that aimed to reproduce key features of natural infection. We have used this model previously in a number of studies (7, 8) . Briefly, this model uses the respiratory epithelial cell line 16HBE14oϪ differentiated at an air interface and infected at a very low MOI (1 CFU per 5 ϫ 10 3 cells), using an inoculum of minimal volume (2 l). Infection is allowed to proceed for 6 h, after which time the epithelial sheet is washed and then treated with an extracellular antibiotic (either gentamicin or colistin), which will kill any extracellular bacteria. Under these conditions, bacteria increase in number about 1,000-fold during this 6-h period, corresponding to about 10 doublings (7). However, although the bacteria adhere to the surface of the differentiated 16HBE14oϪ cells, there is no internalization in assays that could detect as few as 1 internalized bacterium per 500 cells (7) . After this 6-h period, all extracellular bacteria are killed by antibiotics. We used this model to follow the changes produced by infection in respiratory epithelial cells.
In our initial studies, we used a cytotoxic clinical strain of P. aeruginosa, PA3, isolated from blood. This strain actively secretes the type III toxins, ExoT, ExoU, and ExoY. We constructed a number of isogenic mutants of this strain with disruptions in the pcrV gene, which controls all type III secretion (55) , or in the exoU gene, encoding the principal type III secreted cytotoxin. Phenotypic analysis of these strains confirmed that the ⌬exoU strain lacked production of the deleted type III gene product and that the ⌬pcrV strain had a calciumblind pattern of ExoU secretion (Fig. 1D) .
In contrast to infection of undifferentiated cells at high multiplicities of infection, this model results in little cytotoxicity of the epithelial cells for up to 20 h after infection of the 16HBE14oϪ cell lines, using assays for necrosis (Fig. 1A) and also apoptosis by the use of annexin V binding, as previously described (7, 8) . Even at higher multiplicities of infection, there was no dramatic increase in cell death following infection, as assayed by LDH release up to 7 h after infection (Fig.  1B) . Importantly, we did not observe any significant difference in cell death in this infection model when epithelial cells were infected with the wild-type PA3 strain or with PA3 strains lacking pcrV or exoU (Fig. 1) . This is in contrast to models of infection where cells are not polarized and infected at high multiplicities of infection. Under these conditions, there is extensive cell death which is dramatically abrogated by mutations in the pcrV and exoU genes (14) (Fig. 1C) . In addition, in our model of infection there is no detectable internalization of bacteria after infection (7), even in the ⌬exoU and ⌬pcrV strains (data not shown).
Mutations preventing type III secretion or deletion of ExoU abrogate IL-8 secretion following infection. As an important inflammatory response of the respiratory epithelium following infection is the production of the chemokine IL-8, we assayed its production following infection of respiratory epithelial cells with P. aeruginosa in this model. Previously we have demonstrated that infection of polarized CFBE41oϪ cells results in an increased production of IL-8 from the basal compartment (7), which was consistently increased 20 h after infection. We explored the production of IL-8 from 16HBE14oϪ epithelial cells further following infection with a wild-type cytotoxic strain of P. aeruginosa, PA3, and isogenic mutants of this strain with targeted disruption of the pcrV gene (⌬pcrV), which controls all type III secretion, or of exoU (⌬exoU), encoding the principal cytotoxic toxin. At 20 h after infection, we found that IL-8 production from both apical and basal compartments was dramatically reduced in 16HBE14oϪ cells infected with PA3 with the pcrV gene disrupted compared to the wild-type controls (Fig. 2) . This was a significant reduction in IL-8 production in both compartments (P Ͻ 0.01). We consistently found that the cells produced more IL-8 from the apical compartment ( Fig. 2 ; also see Fig. 3 and 4) .
To determine which toxin of the type III secretion system was involved in the increased production of IL-8 in these cells, we constructed a number of other targeted mutations in individual toxins. We found that PA3 with a disruption in the exoU gene produced very little IL-8 following infection of 16HBE14oϪ cells (Fig. 2) , with levels reduced to a level comparable to that seen in the ⌬pcrV mutant. Again, it is important to emphasize that under the conditions used to perform this experiment, there was little cell death and no significant differences between the different strains in the cytotoxicity produced (Fig. 1) . Importantly, cells infected with wild-type bacteria or the ⌬pcrV or ⌬exoU mutants were all treated identically with colistin after 6 h of infection, to limit further bacterial growth. In addition, uninfected cells treated with colistin did not produce IL-8 (data not shown). Thus, the differences between the different bacterial strains reflect the differences in the gene products they produce and not any other differences in experimental conditions. Recently, it has been shown that exogenous ExoS can stimulate cytokine production when added to cells (11) . In order to determine whether extracellular ExoU might be having a similar effect on IL-8 production, we tested the effect of recombinant ExoU alone added at either 0.1 or 1 g/ml to differentiated 16HBE14oϪ cells. Under the same conditions in which bacteria secrete IL-8, the exogenous ExoU was without effect (data not shown). Bacterial viability was important for IL-8 production, since if the initial inoculum of P. aeruginosa was heat killed, again no IL-8 above background levels was produced (data not shown).
We repeated measurements of IL-8 at different times and with different inocula of bacteria in the 16HBE14oϪ cell line. Small amounts of IL-8 accumulate in uninfected cells (Fig. 3) . The differences between IL-8 produced by the different bacterial inocula compared to no infection were significant as compared using two-way ANOVA (P Ͻ 0.05).
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Following infection, we found that the production of IL-8 increased steadily over time and with the dose of bacteria used in the original inoculum (Fig. 3) . We used the 20-h time point after infection with the MOI of 1 CFU per 5 ϫ 10 3 cells as the optimum time for assessing IL-8 secretion following infection, as the accumulated IL-8 at this time was consistently at least 5 times the background release with minimal cytotoxicity of the epithelial cells.
Complementation of ExoU deletions restores epithelial IL-8 secretion following infection. The data presented above suggested that type III secretion of ExoU was largely responsible for the increased output of IL-8 from respiratory epithelial cells following infection in our model. In order to be sure that the differences observed in the mutants were due to the disruption of the exoU gene, we complemented the ⌬exoU strain with an expression plasmid bearing exoU (with its cognate chaperone spcU, whose product is not secreted [15] ). Bacteria complemented in this fashion produced significantly more IL-8 than the ⌬exoU mutant (Fig. 4A) , to levels greater than seen in the wild type. Complementation of PA3 ⌬exoU with exoU alone without its chaperone also restored IL-8 secretion, but only to about 60% of the levels seen with wild-type PA3, suggesting that spcU is not fully functional in ⌬exoU (data not shown). The significant elevation in IL-8 observed by complementation with exoU suggested that ExoU was indeed the factor responsible for the production of IL-8 in respiratory epithelial cells following infection with P. aeruginosa. Complementation of the PA3 ⌬exoU strain with the lipase-inactive S142A exoU (53) did not result in a significant increase in IL-8 production, which remained at about the same level as seen with the PA3 ⌬exoU mutant alone (Fig. 4A) . This demonstrates that the increase in IL-8 produced by ExoU is dependent on the catalytic lipase activity of the protein and that spcU alone is unable to stimulate IL-8 secretion.
These experiments indicated that exoU was necessary for IL-8 production. In order to determine whether ExoU acted alone or required other secreted toxins of the type III system, we attempted to delete the exoT and exoY genes present in the PA3 strain. However, a lack of suitable antibiotic selection markers precluded this approach. As an alternative, we utilized the pseudomonal strain PA103⌬U⌬T, which does not secrete any of the known type III cytotoxins but does possess a fully functional type III transport apparatus (60) . This was complemented with either the active exoU gene or the lipase-inactive S142A exoU mutant. Figure 4B shows that following infection with PA103⌬U⌬T there is detectable release of IL-8, but to much lower levels than seen with the PA3 strain. When the exoU gene was expressed in the PA103⌬U⌬T strain, the amount of IL-8 produced following infection was significantly enhanced compared to that in the uncomplemented strain (Fig. 4B) , although only to about 50% of the levels seen with PA3. The S142A exoU lipase-deficient mutant did not produce a significant rise in IL-8 secretion compared to the PA103⌬U⌬T strain (Fig. 4B ) and produced less than 50% of that of the PA103⌬U⌬T:exoU strain, although this difference did not achieve statistical significance. Thus, ExoU alone is able to produce IL-8 secretion. However, combination with type III secreted toxins may modify this activity. Assay of the amounts of ExoU secreted by these various complemented strains showed that there was little difference between them FIG. 4. Complementation of ⌬exoU strain with active exoU restores epithelial IL-8 secretion. A. Total IL-8 production (basal plus apical) was measured 20 h after infection at low MOI with wild-type PA3, the isogenic ⌬exoU mutant, the ⌬exoU mutant complemented with wild-type exoU (⌬exoU:exoU), and the ⌬exoU mutant complemented with the lipaseinactive S142A mutant of ⌬exoU (⌬exoU:S142AexoU). In each case, the plasmid used to complement the ⌬exoU strains also carried the chaperone, spcU. Results are the means of two or three measurements expressed as percentages of the total IL-8 secretion produced by wild-type PA3; error bars are standard errors of the means. The asterisks indicate results significantly different from those for the wild-type PA3 strain (P Ͻ 0.05, t test). B. Total IL-8 production (basal plus apical) was measured 20 h after infection at low MOI with wild-type PA103⌬U⌬T, PA103⌬U⌬T complemented with wild-type exoU (PA103⌬U⌬T:exoU), and PA103⌬U⌬T complemented with the lipase-inactive S142A mutant of exoU (PA103⌬U⌬T: S142AexoU). ( Fig. 4C) . Thus, the different levels of IL-8 produced by the complemented PA3 ⌬exoU and PA103⌬U⌬T strains suggest that factors other than ExoU are also important in the induction of IL-8 following infection with P. aeruginosa. Infection of differentiated epithelial cells with P. aeruginosa results in an ExoU-dependent activation of the JNK MAPK pathway. IL-8 secretion in response to inflammation results from gene activation and mRNA stabilization and is dependent on three main signals: activation of the transcription factor NF-B; activation of the JNK MAPK pathway, leading to activation of the AP-1 transcription factor; and activation of the p38 MAPK, which increases IL-8 mRNA stability (24) . 16HBE14oϪ cells increase IL-8 mRNA levels following P. aeruginosa infection (46) . In order to define the pathways potentially activated by ExoU in epithelial cells, we analyzed the activation of components of these pathways in 16HBE14oϪ cells following infection with the wild-type PA3 strain of P. aeruginosa and the isogenic ⌬pcrV and ⌬exoU strains. When we infected cells at the low MOI used in the studies of IL-8 secretion, we found that the kinetics of kinase activation were very variable and differed greatly between experiments (data not shown). We felt that this reflected the very low dose of bacteria used as a stimulus (only 200 CFU), which initially produced an asynchronous response. This resulted in clear differences in the accumulation of a stable mediator such as IL-8 but was not suitable for examining transient phosphorylation responses. In order to facilitate analysis of kinase activation, we infected cells at a higher multiplicity of infection than used in the IL-8 analyses, with 1 CFU per 1 cell. This provided a more synchronous stimulus to the epithelial sheet but over the course of the experiment still did not result in appreciable cell death (Fig. 1) . Importantly, there were no significant differences in death between cells infected with the wild-type, ⌬pcrV, and ⌬exoU strains (Fig. 1B) . We analyzed total cellular lysates for a number of factors at various times following infection, as shown in Fig. 5 . This figure summarizes data obtained from three independent experiments, with essentially identical findings. First, we examined the phosphorylation (and hence activation) of the MAPK p38 and ERK 1/2. In resting, uninfected cells there was no detectable phosphorylated form of either kinase (Fig. 5) . Between 1.5 and 3 h following infection, we observed striking phosphorylation of p38 and ERK 1/2. The degrees of activation of these MAPKs were indistinguishable between the wild-type PA3 and the ⌬exoU mutant (Fig. 5) . In a similar fashion, we examined the degradation of IB, the inhibitory factor whose destruction leads to activation and nuclear localization of NF-B. At 1.5 h after infection, there was marked degradation of IB, such that between 4 and 6 h following bacterial inoculation this factor was virtually undetectable (Fig. 5B) . There was no significant difference in this degradation between the wild-type PA3 and the ⌬exoU mutant (Fig. 5B) . Loading of the lanes was assayed by probing the blot for actin, total p38, MKK4, or c-Jun staining (Fig. 5) . This confirmed that there were no gross changes in total protein loaded. Because of the limits in sensitivity in reprobing the same blot repeatedly, we separately determined levels of unmodified JNK and ERK 1/2 following infection and showed that these were unchanged and not different between the different mutant strains (data not shown).
Next, we examined the phosphorylation and activation of the SAPK/JNK pathway kinases, SEK1/MKK4 and SAPK/JNK, as well as phosphorylation of the transcription factor component c-Jun. Between 4.5 and 7.5 h after infection, we found that wild-type PA3 induced marked phosphorylation of SEK1/ MKK4, SAPK/JNK, and c-Jun (Fig. 5 ), although at longer exposures, we could detect very small levels of increased activation of these factors at 3 h after infection (data not shown). This was consistently at a slightly later time point than the phosphorylation of ERK 1/2 and p38 and the degradation of IB. Following infection with the ⌬exoU mutant of PA3, the phosphorylation of both SEK1/MKK4 and SAPK/JNK was markedly reduced compared to that observed following infection with the wild-type strain (Fig. 5) . In addition, the phosphorylation of c-Jun was also significantly diminished compared to that observed with the wild-type strain (Fig. 5B) . Controls for protein loading and for levels of unmodified MKK4 and c-Jun showed that these changes were due to changes in phosphorylation of the kinases and not to differences in amounts of protein loaded (Fig. 5 and data not shown). Thus, ExoU is responsible for the activation of the SAPK/JNK MAPK pathway in these respiratory epithelial cells. A similar lack of SAPK/JNK MAPK activation was seen following infection with the PA3 ⌬pcrV mutant (data not shown). (A and B) ; the experiment was repeated on two further occasions with the same results. The blots were stripped and blotted sequentially to obtain the results as shown.
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Requirement for SAPK/JNK in IL-8 production in respiratory epithelial cells following infection. The data shown in Fig.  5 show that ExoU is responsible for the activation of the SAPK/JNK pathway following P. aeruginosa infection. This pathway has been shown to be important in IL-8 gene activation in a number of cell types (24) . To confirm that the ExoUinduced activation of SAPK/JNK could be responsible for its ability to up-regulate IL-8 production in the infected respiratory epithelial cells used in these experiments, we tested the effects of the specific JNK inhibitor SP600125 (2) on the ability of 16HBE14oϪ cells to produce IL-8 following infection with P. aeruginosa strain PA3. SP600125 produced a dose-dependent reduction in IL-8 production following infection, with a 50% inhibitory concentration of approximately 0.2 M (Fig. 6) . Thus, activation of the SAPK/JNK is required for IL-8 production in this cell type. This supports the conclusion that ExoU activation of SAPK/JNK contributes to IL-8 production following infection in this model.
ExoU produces increased activity of the AP-1 transcription factor. Activation of JNK increases IL-8 transcription by phosphorylation of c-Jun, resulting in increased activity of its transcriptional action as part of the AP-1 transcription factor. To confirm that ExoU produces functionally important activation of the SAPK/JNK pathway, we measured the production of the transcription factor AP-1 containing activated c-Jun following infection with PA3 and the isogenic ⌬exoU strain. We used an assay that specifically measured AP-1 containing phospho-cJun bound to its consensus DNA binding sequence. Following infection with wild-type PA3, levels of active AP-1 containing phospho-c-Jun began to rise 1.5 h after infection, and they rose over threefold by 5 h after infection (Fig. 7) . In the ⌬exoU mutant, this rise was significantly abrogated (Fig. 7) . This assay is more sensitive than the immunoblotting of phospho-c-Jun, which accounts for the slightly earlier rise in detection of phospho-c-Jun in this assay compared to that used for Fig. 5 . We conclude, therefore, that ExoU leads to the production of active AP-1 containing phospho-c-Jun.
DISCUSSION
Knowledge of the signaling mechanisms activated following host interaction with a pathogen is central to understanding the outcome of the infection. We demonstrate here that efficient activation of the JNK MAPK pathway following infection of respiratory epithelial cells with P. aeruginosa is dependent on the type III secreted toxin ExoU. This toxin activates the kinases SEK1/MEKK4 and SAPK/JNK, resulting in phosphorylation of c-Jun and production of activated AP-1 transcription factor. This inflammatory cascade is initiated following translocation of ExoU into differentiated respiratory epithelial cells under conditions that do not produce cell death. ExoU also produces a markedly increased production of the proinflammatory cytokine IL-8 following infection, again independent of its cytotoxic effects. Since IL-8 production following infection is abrogated by JNK inhibition, we propose that the observed effects of ExoU on IL-8 production are as a result of its ability to activate the JNK MAPK pathway.
Many type III secreted proteins have profound effects on host cell signaling pathways following infection. Yersinia pestis, Yersinia enterocolitica, and Yersinia pseudotuberculosis possess a plasmid-encoded type III secretory system that can act to down-regulate inflammatory signaling following infection. This is through the actions of the secreted toxin YopJ/P, which via a cysteine protease-like activity can inhibit activation of both the MAPK and NF-B pathways (43, 62) . This counteracts inflammatory signaling mediated by bacterial components such Specificity of the assay for AP-1 binding was gauged by using a fivefold molar excess of free AP-1 binding site oligonucleotide; this reduced the signal to less than 5% of the total and was subtracted in the calculations shown here. Irrelevant sequence oligonucleotide produced no significant change in signal. Significant differences from wildtype values are shown with an asterisk (t test, P Ͻ 0.05).
as invasin and YopB, a component of the type III translocation machinery. A protein related to Yop J/P in Salmonella enterica serovar Typhimurium, termed AvrA, has a similar counterinflammatory role following Salmonella infection (20, 44) .
Here we have shown that ExoU acts to increase proinflammatory signaling, through activation of the JNK MAPK pathway leading to increased epithelial cell IL-8 secretion. The control of IL-8 secretion is complex, with contributions from NF-B, AP-1, and p38 MAPK pathways (24) . Although NF-B is essential for IL-8 production, the role of AP-1 is also very important in stimulus-induced IL-8 production following cytokine treatment (25, 32) or infection (19) . Inhibition of SAP/ JNK with SP600125 reduced IL-8 secretion by over 80%, showing the importance of this pathway in the production of IL-8 by these cells (Fig. 6) . ExoU is involved in the activation of MKK4, SAP/JNK, and c-Jun (Fig. 5) and also produces increased activation of the AP-1 transcription factor following infection (Fig. 7) . Taken together, these data show that ExoU contributes very significantly to activation of the SAPK/JNK MAPK pathway following infection and that this significantly augments epithelial IL-8 produced in infection. Other kinase pathways are activated in infection which are not dependent on ExoU, e.g., those leading to NF-B and p38 activation (Fig. 5) . These pathways have been demonstrated to be important in IL-8 secretion in other systems (25) and may well also be important in IL-8 production following pseudomonal infection, although this would require further investigation. ExoU alone is sufficient to stimulate IL-8 secretion in the PA103⌬U⌬T strain (Fig. 4) . The levels produced were lower than those achieved with the PA3 strain. This may reflect additive interactions with the type III secreted toxins ExoT and ExoY found in PA3 or other bacterial products. We stress that ExoU is not the only factor from P. aeruginosa that induces IL-8. Importantly, although PA3 ⌬exoU produces little IL-8, it does produce some, as does the ExoU-lacking strain PAO1 (10) . Clearly, additional bacterial factors such as pili and flagellin are able to produce IL-8 from respiratory epithelial cells (10) , although the different cells and bacterial inocula used make it difficult to compare the absolute levels of IL-8 produced in different experimental settings. However, we have shown that ExoU clearly augments the increases in IL-8 from epithelial cells following infection with P. aeruginosa. Our experimental model produces IL-8 in the apparent absence of cytotoxicity. However, there could be some degree of cell death occurring that is below the limit of detection of our assays.
Increased levels of IL-8 may have a number of effects in infection. IL-8 is the principal chemoattractant for neutrophils, which might thus lead to increased bacterial clearance. However, neutrophils can also mediate tissue damage and increase epithelial permeability. This has been shown to be significant in intestinal epithelial infection with Shigella flexneri, where neutrophils mediate considerable epithelial damage following infection and allow microbial invasion through exposure of the basal epithelial surface (27, 45, 52) . Infection of an intact epithelial surface by P. aeruginosa is similarly limited and much increased following epithelial damage and exposure of the basal surface. Thus, increased epithelial IL-8 secretion following pseudomonal infection might produce greater epithelial injury and allow invasion of the microbe. Certainly, ExoUcarrying strains of P. aeruginosa are associated with increased tissue invasion and septic shock. This may be mediated by the lipase action of ExoU directly on cell membranes, although as shown here, well-differentiated respiratory epithelial cells are relatively resistant to direct ExoU-mediated cytotoxic effects. The ability of ExoU to increase epithelial IL-8 secretion may augment its tissue-damaging effects through recruitment of neutrophils.
The kinetics of activation of the JNK pathways following infection described here differ from those of activation of the p38 MAPK and NF-B pathways (Fig. 5 and 7) . Activation of p38 and degradation of IB can be detected 1.5 h after infection, while JNK pathway activation is not seen until 3 to 4.5 h (Fig. 5 and 7) . Only the latter pathway is dependent on type III secreted ExoU, so this different time course may represent different signaling mechanisms. We speculate that immediate recognition of pathogen-associated molecular patterns may produce initial activation of p38 and NF-B, while elaboration and transport of the type III secreted toxins requires the rather longer time interval observed. Translocation of type III effectors typically takes several hours, as shown in Xanthomonas (4) and in the translocation of ExoY by P. aeruginosa (65) .
The lipolytic action of ExoU produces a number of potential signaling intermediates that may be responsible for the JNK MAPK pathway activation we describe here. One of these, lysophosphatidylcholine, has potent inflammatory action and activates JNK, producing elevated active AP-1 transcription factor levels (13, 28) . Such a mechanism might account for the actions of ExoU observed here. Phospholipase action of ExoU may also release other signaling intermediates from cell membranes, such as inositol 1,4,5-triphosphate, diacylglycerol, and arachidonic acid intermediates, that in turn can initiate a number of intracellular signaling pathways, including activation of SAPK/JNK MAPK (33, 36, 51) .
Considerable differences in signaling pathways exist in different tissues. We have used respiratory epithelial cell lines to study type III-dependent signaling following infection with P. aeruginosa because of the importance of the respiratory epithelium in the innate immune response to pulmonary infection (9) . Epithelial cells express a variety of pathogen recognition pattern receptors, such as members of the Toll-like receptor family (22, 42, 48) . Other signaling pathways, such as recognition by nucleotide oligomerization domain (Nod) family proteins, remain less well characterized. Recently, pseudomonal infection has been shown to activate the phosphoinositol-3-kinase protein kinase B/Akt pathway (31), although the bacterial product required for this activation was not defined. Activation of intracellular MAPK signaling by a type III-delivered lipase is a novel signaling mechanism and adds to other signaling events mediated by type III systems. Recently, a type IV secretion system in Helicobacter pylori was shown to mediate intracellular signaling to Nod1 via intracellular delivery of peptidoglycan (61) . It is possible that type III secretion systems might deliver such bacterial components to intracellular sites, and these could synergize with type III secreted mediators such as ExoU in the initiation of an inflammatory response.
In conclusion, we have demonstrated that the type III secreted toxin ExoU produced by P. aeruginosa can activate the JNK MAPK pathway, leading to increased IL-8 secretion by respiratory epithelial cells. This agrees well with recent data suggesting that infection with P. aeruginosa containing ExoU VOL. 74, 2006 ExoU ACTIVATION OF c-Jun NH 2 -TERMINAL KINASE 4111
on October 1, 2017 by guest http://iai.asm.org/ leads to a preferential up-regulation of genes controlled by AP-1 (40) . Increases in epithelial IL-8 production produced in this fashion might augment epithelial damage through recruitment of neutrophils and allow greater spread of the pathogen.
